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Six plastic/rubber materials commonly encountered in
marine debris and beach litter were studied under
Biscayne Bay (Florida, USA) exposure conditions to
determine the effect of fouling on buoyancy. Studies
under restricted floating, and restricted submerged
exposure conditions suggest that most plastic samples
undergo fouling to an extent to cause the sample to be
negatively buoyant in sea water. Rapid defouling of the
submerged fouled samples was observed. The findings
suggest that free-floating plastics at sea may, under
certain conditions, undergo fouling-induced sinking
followed by resurfacing as floating debris.

Incidence of plastic waste in the marine environment is a
relatively recent phenomenon directly attributable to the
industry-wide use of plastic fishing gear in commercial
fishing, and the continuing popularity of plastic
packaging materials. Of the 50 billion pounds of plastic
resins annually consumed in the US, nearly a third is
used in consumer packaging applications (Modern
Plastics, 1990). A growing database suggests the
accumulation of plastic debris in the world’s oceans to
be more than a mere aesthetic concern; plastic waste in
the marine environment often poses a hazard to many
species of marine animals.

A well-documented mechanism by which plastic
waste impacts marine life is via entanglement. Entangle-
ment of species such as seals (Coleman & Wehle, 1984),
sea lions (Stewart & Yochem, 1987), turtles (Balazs,
1985), seabirds, crustaceans, and fish in derelict fishing
gear has been reported. These encounters may lead to
mortality or to impaired growth for animals which
survive the entanglement. Studies on marine mammals
suggest net fragments, packing bands, and ropes to be
particularly damaging in this regard. While believed to
be less of a problem compared to entanglement,
ingestion of plastics by turtles (Balazs, 1985; Carr,
1987), manatees (Florida, 1985), and seabirds (Day er
al., 1985) has also been reported. The physiological
effects of plastics ingestion by these species are not clear.
Not being digestible, the plastics are non-toxic (except
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perhaps for some additives which may leach out) but the
presence of significant volumes of inert material in the
digestive system might lead to altered feeding behaviour.
In albatross chicks a significant source of mortality
during the first few months of life may be related to the
presence of plastics in the stomach (Fry et al.,, 1987).

While the quantities of plastic waste and their
distribution in the oceans is not reliably known, recent
sea and beach surveys point to specific plastic debris
items as being particularly abundant in the marine beach
environment (O’Hara, 1989). These include trawl
webbing, gill nets, packaging bands, rope, monofilament,
plastic bags, styrofoam, six-pack ring carriers and
tampon applicators.

With the exception of gill netting and monofilaments
made of nylon, the other items are less dense than sea
water and therefore are positively buoyant. Floating
plastic debris are particularly visible and are more likely
to result in entanglement compared to submerged
debris. Young seals, for instance are known to be
attracted to floating coloured net fragments (Laist,
1987). Floating food-contaminated debris might be
responsible for the known aggregation of marine
mammals along passenger liner routes. Floating plastics
are not only more accessible to birds and turtles, but
may invariably lead to beach pollution and present a
hazard to land animals as well. Items which sink in sea
water are likely to get readily silted over by the benthic
sediment and lead to little if any entanglement (with the
exception of large nets draped over submerged
structures).

Fouling of the plastic surfaces in sea water is well
known (Andrady & Pegram, 1989) and is likely to lead
to marked changes in the density of the plastic item. It is
conceivable that at least with some items, extensive
fouling might cause an initially positively buoyant piece
of plastic to partially or completely sink in sea water
(Andrady, 1987). If floating plastics waste is indeed
more of a hazard to marine life compared to debris
submerged in the marine sediment, such a phenomenon
has important implications on the assessment of
ecological impacts of plastic waste at sea. Experimental
data on fouling of plastic items of interest from a marine
debris standpoint are virtually non-existent.
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Of particular interest is the effect of fouling and
related increase in density on the performance of rapidly
photodegradable plastic materials disposed at sea. The
use of enhanced degradable plastics has been suggested
as a means of addressing the marine plastic debris
problem. These plastic materials chemically modified or
treated to undergo rapid light-induced degradation on
outdoor exposure, generally float in sea water. Their
effectiveness under marine conditions will depend upon
the relative time scales of fouling and photodegradation
of the material (Andrady, 1990). With fouling rates
much faster than that of photodegradation, the plastic
material might rapidly sink in sea water to a depth where
sunlight is no longer available for its photodegradation.

The present effort was undertaken to study the
fouling process in selected plastic items (all less dense
than sea water) with special emphasis on the density
changes resulting from fouling and the nature of foulant
colonies. A primary objective of the study was to deter-
mine if any of the selected plastic items changed in
density to an extant sufficient to sink it in sea water, as a
result of fouling.

Experimental

Table 1 shows the densities and the specific surface
areas of the selected plastic items. Nets, ropes, styro-
foam, and plastic bags are typical of debris discharged
into the ocean from vessels. Tampon applicators reach
the ocean generally due to sewer discharges in urban
areas. Latex-rubber balloons were included in the study
in view of the concern over the fate of balloons released
for promotional purposes and their impact on marine
ecology. All samples were obtained from commercial
sources, except for tampon applicators which were
provided by International Playtex Company (Paramus,
NJ 07652, USA).

Exposure

Marine exposures were conducted at an exposure site
in Biscayne Bay (Miami, Florida) at a location where the
depth of sea water was 10-15 m. Samples were attached
to a floating test frame constructed from plastic (PVC)
pipes and styrofoam floats. Samples were affixed to the
frame on one edge with either plastic cable ties or nylon
monofilament. The floating rig allowed samples to float

TABLE 1
Varities of plastic and rubber materials used in study.

Specific
Specific  surface area
Sample Polymer gravity (em’g™)
1. Trawl webbing (orange) LDPE 0.910 26*
2. Six-pack ring material LDPE 0.921 49
3. Plastic bag LDPE 0.922 217
4. Tampon applicator LDPE 0.922 10*
5. Rope PP 0.878 9*
6. Balloons Latex rubber — 42
7. Styrofoam PS 0.045 64

LDPE = Low density polyethylene.

PS = Polystyrene (foam).

PP = Polypropylene.

* = Estimated assuming a smooth surface.

in water regardless of changes in water level due to
currents and tide. This mode of exposure is referred to
as restricted floating exposure, (as opposed to a free
floating exposure where the sample has the freedom of
vertical movement in the water column).

Sampling was carried out generally on a biweekly
basis throughout the exposure period of January 4, 1990
to June 12, 1990. After 11 weeks of exposure some of
the fouled samples were removed from the floating rig
for restricted submerged (sediment) exposure. The test
samples were attached to a metal frame with one edge
being affixed to the frame with monofilament line or
plastic cable ties and placed in the bottom sediment at a
depth of about 3-4.5 m. These samples were exposed in
restricted submerged mode for a period of about 7
months and generally sampled on a monthly basis.
Climatic conditions in Miami, Florida during the period
of exposure are shown in Fig. 1.

Foulant colony study

Examination of surface foulants was carried out
generally in accordance with ASTM method D3623
‘Standard Method for Test of Antifoulant Panels in
Shallow Submersion’. The estimates of foulants were
expressed in terms of percentage surface coverage by the
respective classes of organisms.

Measurement of specific gravity

The specific gravity of fouled plastic materials was
measured using a flotation technique. Samples were
suspended in either ethanol/water or sodium chioride/
water solutions. The composition of the solutions were
adjusted until the sample floated completely submerged
in the liquid. The specific gravity of the solution which
should be the same as that of the sample was then
measured using a hydrometer. An average value of
specific gravity based on several sections of the fouled
samples (or replicate samples) was reported.
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Fig. 1 Climatic conditions in Biscayne Bay, Florida during the period of
exposure. Maximum, minimum, and average temperatures are
shown. Sunshine hours are monthly cumulative values. Figure is
based on data compiled by National Ocean Service.
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Results and Discussion

Restricted floating samples

Fouling of plastic materials was generally preceded by
the formation of a transparent slimy biofilm on the
surface. The gelatinous film was apparent after a few
days of exposure and was thick enough to be scraped off
the surface after 1-2 weeks of exposure. A primary
biofilm consisting of biopolymers and a population of
motile and non motile bacteria generally forms on
surfaces within hours of marine exposure (Cundell &
Mitchell, 1977; Loeb & Neihof, 1975). The primary
biofilm is believed to be at least a stimulant (Crisp &
Ryland, 1960; Crisp, 1974; Scheltema, 1974) if not a
necessity for secondary microfouling of surfaces
exposed to sea water. The sampling methods employed
and the time scale of sampling used in this study did not
allow detailed observation of the development of this
biofilm.

Within weeks of exposure to sea water, nearly all
sample surfaces developed algal fouling communities.
The algae observed during this stage were exclusively
green algae. Depending on the geometry of the samples
and the surface characteristics, different species of
invertebrates proceeded to colonize the presumably
nutrient-rich surface partially covered with algae.
Accurate enumeration of the species either in terms of
individuals per unit area or in terms of percent surface
coverage was difficult due to non uniformity of fouling
and high variability within replicate samples generally
obtained with exposure experiments of this nature
(Schoener, 1984). The data shown in Figs 2, 3 should
therefore be viewed only as qualitative representations
of microbial succession. Typical foulant species found in
surface colonies and biofilms have been reported by
several workers (Crisp, 1984; Perez, pers comm.). Some
of the organisms from present samples were identified
and are listed below.

Phylum Species
Porifera: Mycale americana
Bryozoa: Schizoporella unicornis
Crustacea: Megabalanus antillensis

Balanus venustus
Balanus eburneus

(Barnacles)

Mollusca: Pteria colymbus
Chordata: Molgula occidentalis?
(tunicates) Molgula manhattensis?
Ascidia nigra
Distaplia bermudensis?
Eudistoma hepaticum
Eudistoma sp. (carolinense ?)
Rhodophyta: Ceramium sp. (floriiddanum?)

For the purpose of the present study the foulant colonies
were classified into several classes of organisms. The bar
charts in Figs 2, 3, 5, 6 are based on percent coverage of
the sample surface by a given class of foulant.
Restricted-floating exposures ensured that the
samples were kept floating in water regardless of
increases in sample density due to fouling which may
normally cause a free-floating sample to sink in sea
water. Under these conditions succession in foulant
colony was dependent upon the nature of the surface.
However, some very general conclusions could be
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drawn. The foulant colonies were predominantly
composed of green algae and biofilm for the first 7
weeks of exposure in the case of all samples. Hydroid
colonies appeared to be predominant (or at least present
to a very significant extent in addition to algae) during
the 9-11 weeks of exposure. These eventually gave way
to colonies of encrusting bryozoa and tunicates which
constituted the foulant colony for the most part during
the 13-19 weeks of exposure. Except in the case of
tampon applicators, and plastic sheet samples, tunicates
were the dominant genus in the mature toulant colonies
exposed for about 19 weeks. Changes in foulant
community composition is generally difficult to study
because of the high degree of variability. Sutherland &
Karlson (1973) found the composition of initial fouling
communities in Beaufort (North Carolina) exposures to
be highly variable. The recruitment was markedly
seasonal and the initial colony composition often
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Fig. 2 Foulant colony composition of tampon applicators, trawl
webbing net, six-pack ring material, and plastic sheet (bag) under
restricted floating exposure in Biscayne Bay.
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dictated the succession of the foulant colony. Osman
(1977) studying the foulant communities in Cape Cod
(Massachusetts) found the fouling to be not totally
successional though competitive hierarchies were
present in the system. In view of the reported incidence
of high variability in colony composition and succession,
the present findings while only qualitative, and specific
to this exposure location and season, are nevertheless
interesting.

The foulant colonies discussed above, however, are
atypical in that the samples were restricted to floating; a
free-floating plastic film would gradually increase in
density as fouling progresses and eventually be
negatively buoyant in sea water. Measurement of the
density of fouled samples at different sampling intervals
showed that with the exception of polystyrene foam
material, other samples increased density sufficiently to
cause sinking in sea water. Figures 2, 3 indicate the
exposure times at which the sample if free-floating
would have submerged in the sea water.

The duration of floating exposure required to bring
about sinking depends upon biotic characteristics of the
marine exposure site as well as the physical character-
istics of the sample. The latter includes specific area, and
surface smoothness. A great majority of foulant larvae
tend to settle on cracks and concavities on surfaces and
avoid sharp edges and convexities (Crisp, 1984). While
netting and rope, due to the roughness of their surface,
might be expected therefore to undergo relatively facile
fouling this was not observed in the present experiments.
Table 1 lists the specific surface areas available for inter-
action with potential foulants for different samples. In
spite of the variability in specific surface area, most
samples were fouled sufficiently to sink in sea water by
about the seventh week of exposure. Tampon appli-
cators and rope material showed only a brief (2-4 week)
period where the density exceeded that of sea water
before its density decreased again. However, estimation
of density in the case of tampon applicators is compli-
cated by its unique geometry and due to the presence of
a plastic tube insert which can be fouled in a manner to
trap air within it. But there is little doubt that most
samples (with the exception of styrofoam samples which
are too low in density to sink under even very extensive
fouling) foul sufficiently under Florida exposure to cause

sinking at least temporarily, in a relatively short period
of exposure of 7-9 weeks. This duration is very likely to
be geography as well as season-dependent.

Table 2 shows the specific gravities of the samples at
different extents of floating exposure. In the case of all
samples the density increases gradually with exposure
time until it reaches a value higher than that of sea water.
The rate of fouling as indicated by the gradient of a plot
of the density of fouled sample versus the duration of
marine exposure (see Fig. 4) up to the point where the
sample begins to sink in sea water, was calculated for
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Fig. 4 Changes in the specific gravity of fouled plastic materials
exposed under restricted floating conditions.

TABLE 2

Specific gravity of plastic samples exposed at Biscayne Bay, Florida.

Specific Gravity

Duration Latex Six-pack ring Plastic Trawl Tampon

Exposure (weeks) balloons material bag webbing applicators Rope
Restricted floating 0 — 0.921 (.922 0910 0.922 0.878
45 — 0.979 0.949 0.985 0.935 0.943
7 1.106 1.027 1.067 1.037 0911 1.008
I 1.026 1.031 1.080 1.040 1.035 1.047
15 0.973 1.080 1.080 1.080 0.972 0.941
19 1.066 1.072 1.087 1.060 0.992 1.033
Restricted submerged 0 1.026 1.065 1.100 1.043 0.987 1.035
1 0971 1.039 1.044 1.023 0.944 0.922
4 0.932 1.037 1.064 1.004 0.968 0.950
12 0.960 0.968 1.015 1.061 0.960 1.000
20 1.006 1.030 1.058 1.058 0.983 1.012

28 — 1.040 1.040 1.060 1.010 —

Note: specific gravity was measured every 2 weeks. However, data for each 4 week period are shown in the table for clarity.
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some of the samples. Highest rate obtained was for
plastic sheet samples where the gradient of the plot was
2.9%107% (g cm™ week™). Net and rope samples
yielded values of 2.4X107? (g cm™® month™') and
2.2X107% (g cm™* week ™), respectively. Six-pack ring
material showed a lower rate of 1.8X1072 (g cm™®
week™'). The coefficients of correlation r, for these plots
were 0.97-0.99. Plots of data for tampon applicators
and polystyrene foam showed a relatively high degree of
scatter and gradients were therefore not calculated. Not
surprisingly the fastest rates of fouling were obtained
with samples having the highest specific area. Netting
and rope samples probably have a much higher specific
surface area than that indicated in Table 1, where the
values were estimated assuming smooth cylindrical
shapes for these samples. The high rates of fouling
obtained with these might therefore be qualitatively
explained in terms of the specific area for these samples
as well.

Restricted submerged exposures

While the observation of a sample free to move
vertically in the water column is more interesting and
relevant to the issue of marine debris, it presents an
experimental difficulty. Any restraint on a free-floating
sample to limit translational movement due to currents
tended to cause partial submerging not typically
obtained with a free-floating sample. Therefore,
restricted submerged samples were used to study the
effect of submerging on foulant colony composition.

These experiments were carried out in parallel with
the restricted floating experiments. Essentially the
densities of the samples exposed under restricted
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Fig. 5 Foulant colony composition of plastic sheet (bag), six-pack ring
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exposure in Biscayne Bay.
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floating conditions were monitored every 2 weeks until
they were fouled to an extent to enable the samples to
sink in sea water. The samples were then removed from
the floating test rig, mounted in frames while still wet
and placed on the bottom sediment of the sea at a depth
of 10-15 m at the same test location. The weight of the
frames restricted the samples from surfacing even if the
density decreased sufficiently, subsequently.

As seen from Table 2, the density of most samples
decreased markedly on being submerged. As seen from
Figs 5, 6 the change might be attributed directly to
retardation (or even reversal) of fouling brought about
by the lack of sunlight in the case of algae and possibly
by predation of some macrofoulants by fish and other
benthic species. A study of the foulant colony after the
first 2-4 weeks of benthic exposure showed significant
amounts of red aglae in place of the green algae. Trawl
netting and tampon applicator samples slowly increased
in density after the initial decrease. However, fouling
under submerged conditions is slower and erratic.
Calculations of rates based on plots of density versus
exposure time were therefore not attempted. The total
surface coverage achieved was generally lower than that
which was obtained when the samples were exposed in
the restricted floating mode for the same duration.

As might be expected, the colony composition was
different in the case of samples exposed in the
submerged mode (Figs 5, 6). Hydroid colonies were the
dominant species in most samples. High levels of
encrusting bryozoa were also observed. A few barnacles
and bivalves were found on some of the samples.
Samples with higher specific area such as plastic sheet
and six-pack ring material underwent extensive fouling
even under submerged exposure.

The most important conclusion relevant to marine
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plastic debris implicit in the above data is the
phenomenon of sinking due to extensive fouling of the
samples. It is very likely that such sinking does take place
in the case of free-floating plastic samples. However, the
fate of the plastic material subsequent to sinking is not
entirely clear. Unlike in present experiments where the
fouled samples were abruptly submerged at a depth of
10-12 m, the process of sinking in the open sea starts as
soon as the density of material marginally exceeds that
of the local body of sea water and proceeds gradually. In
view of the fact that the density of sea water gradually
increases with depth at a given location (Defant, 1961),
it is unlikely that a sinking plastic sample will initially
reach the benthic environment, but remain suspended in
the mid water at a depth determined by its density (the
extent of fouling). The depth to which it will sink
depends upon the vertical density gradient which varies
with latitude and season, largest gradients being
associated with near-equator regions. As a pycnocline
generally accompanies the thermocline, the sample
might even be suspended at that depth. Data from
submerged samples show that, assuming the findings at
the coastal test location might be extrapolated to deep
sea, submerged samples undergo rapid defouling at least
initially. Downwelling irradiance in the euphotic zone is
likely to be inadequate to maintain the growth of algae
foulants at these depths. Fish feeding on the foulant
growth may also be responsible for this defouling. The
submerged plastic will therefore eventually re-surface
and float. Cyclic submerging and resurfacing may take
place several times, depending on the kinetics of fouling
and defouling under marine exposure conditions.
Eventually the plastic material will be fouled so heavily
with macrofoulants that its density is sufficient to
permanently sink it.

Conclusions

Floating plastic debris samples do undergo rapid
fouling under the exposure conditions employed in this
study. Once submerged however, the samples are likely
to be held in the mid water column, rapidly defouled and
may resurface for a repetition of the same cycle of
events. Fouling does occur under submerged conditions
as well, yielding a foulant colony somewhat different in
composition to that obtained with floating samples.

The implication of these observations on the issue of
marine plastics debris is important. While floating debris
might be expected to undergo fouling and eventually
sink, reach the marine benthic sediment and be silted
over, the findings suggest the process might be more
complex. The duration of floating exposure where the
plastic debris material is particularly damaging to the
larger marine animals, might be longer than simple
estimates based on time to sinking under the weight of
foulants.

Studies on the vertical movements of large free-
floating plastic samples, preferably at an open sea
exposure location, is needed to determine the validity of

these findings to plastic waste under deep sea
conditions.
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